Antiferromagnetic semiconductors gain increasing interest due to their possible application in spintronics. Using spin polarized scanning tunneling microscopy operating in a vector field, we mapped the noncollinear antiferromagnetic spin structure of a semiconducting hexagonal FeSe surface on the atomic scale. The surface possesses an in-plane compensated N eel structure which is further confirmed by first-principles calculations. V C 2016 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4941286] Antiferromagnets (AFM), which are widely used as pining layers in exchange biased systems, have been intensively studied for decades because of both fundamental interest and technological relevance.
1,2 Very recently, in tunneling devices with an AFM on one side and a non-magnetic metal on the other side, the staggered magnetization axis in the AFM has been demonstrated to be responsible for the observed magnetoresistance signals which can persist up to room temperature. 3 Furthermore, the AFM moments can be manipulated via an exchange coupled ferromagnet (FM) which enables the design of spintronic devices based on AFM. 4 More importantly, AFM-based devices open the possibility of utilizing AFM semiconductors to combine spintronic and nanoelectronic functionalities which can easily reach room temperature comparing to the long studied diluted ferromagnetic semiconductors. 5 Nevertheless, both in conventional applications and in the newly proposed AFM spintronic devices, the exchange coupling between AFM and FM is crucial in determining the performance of the devices. 6, 7 The exchange coupling is dominated by the interface magnetic properties of AFM/FM heterostructure. Thus, the knowledge of the surface spin structure of AFM semiconductors is highly needed.
In our study, the noncollinear magnetic structure of semiconducting FeSe is resolved on the atomic scale by employing spin-polarized scanning tunneling microscopy (SPSTM) in a vector magnetic field. FeSe shows complicated electronic and magnetic properties due to its variety of structural phases. FeSe in tetragonal phase was intensively studied because of its superconductivity as one of the Febased superconductors. 8 The co-existence of magnetism and superconductivity in this phase is still under debate. 9 On the other hand, FeSe in hexagonal phase is a semiconductor. 10 The magnetic property of hexagonal FeSe is not conclusive yet. 11 Thus, there is high demand to have a thorough investigation of the magnetic properties of FeSe.
In this letter, we report a fully three-dimensional mapping of the surface spin structure of AFM FeSe grown on SrTiO 3 (111) by combining the SPSTM in a vectorial magnetic field 12 and first-principles calculations. Atomically resolved SPSTM images show that FeSe has an in-plane compensated non-collinear AFM structure which is further verified by the calculations. The influence of lattice constant on the magnetic structure is also discussed.
The experiments were performed in a multi-chamber system that consists of a low-temperature (4.2 K) STM in a vector magnetic field (in plane 62 T; out of plane 67 T) created by three sets of superconducting coils and a molecular beam epitaxy (MBE) chamber with a base pressure of 1.0 Â 10 À10 mbar. After being heated up to 1000 C for 30 min, the SrTiO 3 (111) substrate was kept at 600 C during the growth. FeSe film was prepared by coevaporation of Fe and Se with excess of Se. SPSTM measurements were done with the Fe coated tungsten tips whose magnetic sensitive direction can be controlled by the external magnetic field. 13 The tunneling current depends on the relative magnetic orientation between the sample and tip and is reflected in the constant current image and the differential conductance (dI/ dV). First-principles calculations were performed using the generalized gradient approximation (GGA) 14 to densityfunctional theory (DFT) as implemented in the Vienna Ab Initio Simulation Package (VASP). 15, 16 The electron-core interactions were represented by the projector augmentedwave (PAW) method 17 and the plane-wave cutoff energy was set to 350 eV.
FeSe forms single crystalline thin film on SrTiO 3 (111). shown by the inset line profile. The surface appears as a reconstructed hexagonal lattice as shown in Figs. 1(b) and 1(c). Fig. 1(b) shows protruded atomic rows separated by 0.62 nm. Within the row, the structure repeats every three atoms by slightly different brightness. The atoms between the protruded rows can be better resolved with a sharp tip at low bias voltage as shown in Fig. 1(c) . The hexagonal lattice is clearly visible with a lattice constant of 0.36 nm. The lattice constant agrees well with bulk FeSe (a ¼ 0.35 nm $0.37 nm, c ¼ 0.56 nm $0.59 nm), 18 suggesting that the FeSe thin film adapts the hexagonal structure as given in Fig.  1(d) . The hexagonal FeSe thin film has also been prepared on tin oxide which gives similar lateral and perpendicular lattice. 19 With the confirmation of the structure, the electronic and magnetic properties of FeSe were further investigated by SPSTM. Fig. 1(e) gives the dI/dV curves of the same protruded atom obtained with an Fe coated W tip under an inplane magnetic field of þ2 T and À2 T. The dI/dV curves show a typical semiconducting behavior with a gap of 0.45 eV accompanied by a clear difference between the two curves of the opposite field which is more pronounced by the difference of the two curves (inset of Fig. 1(e) ). Since the applied field is as large as 2 T, the magnetization of the Fe coated W tip must follow the direction of the external field. 20 Meanwhile, we tried to measure the surface with an antiferromagnetic Cr coated W tip as well and no spin signal was found at any direction (not shown). The measured spin signal suggests that either FeSe thin film is AFM or its coercive field is much larger than 2 T.
The advantage of the Fe coated W tip is that its magnetization direction can be well controlled by the applied magnetic field. 13 In order to clarify the magnetic property of FeSe films, atomically resolved SPSTM images of the same area were taken with the magnetic tip as shown in Figs. 2(a)-2(f) with the tip magnetized along þX, ÀX, þY, ÀY, þZ, ÀZ by external field as marked on the images. These constant current images contain both topographic information and spin information of the surface projected along the tip magnetization direction. 21 Taking Figs. 2(a) and 2(b) as an example, the images differ significantly when the tip magnetization is aligned along þX and ÀX directions. As can be seen from the height line profiles of the same place of the two images (Fig. 2(g) ), in a period of three atoms, the apparent height difference between neighboring atoms changes when the tip magnetization is reversed, indicating a change of the spin polarization projected on the magnetization of the tip which could only happen when these surface atoms are aligned antiferromagnetically. A similar argument can also be applied to Y and Z axes. Obviously, þY and ÀY images (Figs. 2(c) and 2(d) ) contain large spin contribution which is shown in the line profiles (Fig. 2(h) ) as well. The appearance of the SPSTM images along the X direction is different from the images of the Y direction, indicating that the projection of the spin polarization on X is not proportional to that on Y. This means that the surface has a noncollinear spin structure, while in the Z axis, the þZ image (Fig. 2(e) ) is nearly the same as the ÀZ image (Fig. 2(f) ), indicating a negligible spin polarization in the Z direction. This can also be seen from the corresponding line profiles (Fig. 2(i) ). Thus, we proposed an in-plane noncollinear AFM spin structure model to explain the observed contrast.
The spin orientation of individual atoms can be determined by vectorially adding the X and Y components. In the The dI/dV curves on the same protruded atom under in-plane magnetic field 62 T, it should be noted that the dI/dV curves under opposite field are repeated by three times to ensure the reproducibility of the data, and inset shows the difference of these two curves.
typical tunneling condition, the height difference between images obtained with a tip with opposite spin polarization in the same place is roughly proportional to the spin polarization of the current (the error stays well below 5% (Ref. 22) ). Thus, the difference of the line profiles of þX and ÀX (þY and ÀY) can be assumed to be proportional to the spin polarization of the surface in the X (Y) direction as shown in Fig.  2(j) as xdif (ydif) . The position of the atoms is determined from the line profile of the Z image (spin independent image). Thus, a specific spin orientation can be assigned to each atom of the protruded atomic rows as shown in Fig.  2(j) . It can be seen that not only the magnitude of the neighboring atomic moments varies slightly but also the angle difference between neighboring atomic moments changes roughly from 110 to 130 which is expectable considering the surface reconstruction as shown in Fig. 1(b) . It shall be 
